Oxygen vacancy induced ferromagnetism in un-doped ZnO thin films 
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Abstract 

ZnO films became ferromagnetic when defects were introduced by thermal annealing in 
flowing argon. This ferromagnetism, as shown by the photoluminescence measurement 
and positron annihilation analysis, was induced by the singly occupied oxygen vacancy, 
with a saturated magnetization dependent positively on the amount of this vacancy. This 
study clarified the origin of the ferromagnetism of un-doped ZnO thin films, and provides 


possibly an alternative way to prepare ferromagnetic ZnO films. 
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Ferromagnetic semiconductors have special advantages for applications in the field of 
spintronics because of their easy integration into the semiconductor devices [1]. Previous 
studies have been mostly focused on dilute magnetic semiconductors (DMSs), in which 
the magnetic moments are introduced by doping with transition metal (TM) ions [2-4]. It 
is speculated, however, TM dopants may form magnetic clusters and/or secondary phases 
in the semiconductors, which are detrimental to the applications of DMSs [5-6]. One of 
the most intriguing discoveries in the quest for DMSs is observation of room temperature 
ferromagnetism (RTF) in non-TM doped or un-doped wide band-gap semiconductors, 
e.g., НЕО [7], ZnO [8-10], ПО [11], MgO [12], and 5по; [13], etc. Among these 
candidates ZnO has drawn considerable attentions due to its outstanding properties and 
potential applications in diverse fields [14, 15]. 

For un-doped ZnO thin films, various intrinsic and extrinsic defects have been declared 
exclusively to be origin of the RTF such as oxygen vacancy (Vo) [16], zinc vacancy (Vzn) 
[9], zinc interstitial (21) [17], and chemisorbed oxygen [10], etc. Therefore, it is of great 
importance to investigate the relationship between the ferromagnetism of un-doped ZnO 
thin films and the defects in them. This could help quite a lot to understand the 
ferromagnetism of un-doped ZnO, and to devise new ways to prepare ZnO-based DMSs. 

It is well known that ZnO is an ideal ultraviolet light emitter, and could emit visible 
lights when defects were introduced [18-20]. Researchers have done great favor to reveal 
the relationship among defects in ZnO and the emissions in the visible light region [21, 


22]. For example, the blue, blue-green, green-yellow and the red-near infrared emissions 
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have been assigned to Zn; [23], Vzn[24, 25], Vo[21, 26, 27], and oxygen interstitial (Oi) 
[28, 29], respectively. Therefore, it should be quite helpful in understanding the origin of 
ferromagnetism of ZnO induced by defects, by study of the visible light emission of ZnO 
induced by defects. 

We report in this letter the RTF of ZnO films induced by oxygen defects that are 
introduced by thermal annealing of ZnO films in flowing argon, and the investigation on 
the origin of this ferromagnetism. 

ZnO films with a thickness of ~100 nm were deposited on quartz wafers by ablating a 
ZnO target with a purity of 99.99 %, using pulsed electron deposition (PED) system. 
After deposition the ZnO samples were put inside a quartz tube furnace, pumped down to 
5 Pa with a mechanical pump and backfilled with argon flowing at 500 SCCM. Then the 
tube furnace was ramped to 150 °C, 300 °C, 450 °C, 500 °C, 550 °C, 600 °C and 750 °C 
and held at these temperatures for 2 hours, respectively. The structure and composition of 
the films were characterized by X-ray diffraction (XRD), transmission electron 
microscope (TEM), energy dispersive X-ray spectrometer (EDS), and 
induced-coupled-plasma (ICP) atomic emission spectrum analysis, respectively. The 
optical and magnetic properties of the ZnO films were evaluated by photoluminescence 
(PL) measurement and superconducting quantum interface device (SQUID). Positron 
annihilation analysis (PAS) was also carried out for the evaluation of defects. 

Figure 1 shows XRD patterns of the as-grown and annealed ZnO films on quartz 


substrate. All patterns exhibit an intense peak at ~ 34.4. corresponding to the (0002) plane 
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of ZnO of a wurzite structure, indicating that the ZnO films are highly c-axis oriented. It 
is noticed that the (0002) peak became narrower at higher annealing temperatures, 
suggesting an increase in the size of the ZnO crystallites. It is also noticed in the sample 
annealed at 750 °C, that 2125104 (a secondary phase of a rhombohedral structure) was 
formed due to the interfacial reaction between the ZnO film and Ше SiO» substrate. 

The interface between the ZnO film and quartz substrate after thermal annealing was 
investigated by cross-section TEM analysis. Figure 2(a) shows a high-resolution TEM 
(HRTEM) image of the interface of the sample after annealing at 600 °C. Figures 2(b)-(e) 
show respectively a dark-field TEM image, and the compositional mapping of Si, O, and 
Zn near the interface by EDS. These images show that even after annealing at 600 °C, the 
interface between the ZnO thin film and the quartz substrate is abrupt, with no observable 
interfacial reaction of the two. Similar interfacial structures were also observed for other 
samples annealed at temperatures below 600 °C. Figure 2(f) shows a HRTEM image of 
the interface for the sample annealed at 750 °C. One sees that due to the reaction of ZnO 
film and the quartz substrate, an interfacial layer (embedded with rhombohedral Zn2SiO4 
nanoparticles) of ~ 50 nm thick was formed. Element mapping of Si, O, and Zn near the 
interface, see figures 2(g)-(j), showed clearly diffusion of Si, O, and Zn at the interfacial 
area. These results are in good agreement with the XRD analysis that interfacial reaction 
occurred at 750 °C. 

Figure 3(a) shows the magnetization of as-grown and annealed ZnO films measured at 


300 K. It is observed that all samples exhibit a clear hysteresis loop indicating that these 
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films are ferromagnetic and with a Curie temperature > 300 К. Figure 3(b) plots the 
saturation magnetization (Ms) of the samples as a function of the annealing temperature. 
One sees that the Ms of the as-grown ZnO film is very small (though ferromagnetic), and 
that the M; increases rapidly with the annealing temperature. It reached a maximum of 
0.44 emu/g in the sample annealed at 600 ?C, which is about one order higher than that of 
the as-grown ZnO film. One also noticed that the interfacial reaction ruined the 
ferromagnetic property of the sample annealed at 750 ?C, and its M; dropped drastically. 
Since 2125104 emits also visible light in the range that overlaps the defects emission in 
ZnO [30], we discuss only the ferromagnetism of ZnO films annealed at < 600 ?C, where 
interfacial reaction was not observable. Figure 4(a) shows room-temperature PL spectra 
of these ferromagnetic ZnO films, from which one observes emissions in the ultraviolet 
and the visible light regions. It has been well understood that the near-band-edge (NBE) 
ultraviolet emission is related to the exciton combination, and the deep level (DL) visible 
light emissions are due to various point defects [21, 22]. As seen from Fig. 4(a) and Fig. 
4(b), both the NBE and DL emissions became stronger at higher annealing temperatures. 
The increase in the NBE emission may be caused by the improvement in the crystallinity 
of ZnO after annealing, see XRD patterns shown by figure 1. The increase in DL 
emissions is caused probably by the increase in the amount of defects got introduced in 
ZnO films by thermal annealing. Figure 4(c) shows the PL spectrum of the sample 
annealed at 600 ?C, in the visible light region. It is seen that this spectrum can be well 


fitted by two Gaussian peaks centered at ~ 525 nm and ~ 580 nm, respectively. We have 
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done this fitting also for other annealed samples, and found that the position of the two 
peaks remained almost constant. Figure 4(d) plots the intensity of two emissions along 
the annealing temperature. It shows that the intensity of the two emissions got increased 
at higher annealing temperatures. These results suggest that similar defects were 
introduced in these samples annealed at < 600 °C, and that their amount was increased at 
higher annealing temperatures. 

In literature it has been suggested that Zn; and Vo are predominant defect types [31-33], 
and that Vzn and Oi, though may be thermodynamically stable in ZnO crystal lattice, can 
be created only in high oxygen partial pressure environment [31]. Zni is a shallow level 
defect which emits blue light, but can only be predominant in Zn vapor rich environment 
[34]. As there is no observable blue light emission corresponding to Zni in the PL spectra, 
see Figs. 4(а) and 4(b), the Zn; defects in the samples are negligible [23, 34]. Since the 
annealing experiments were conducted in flowing argon, the Уул and О; defects generated 
in the films should be also negligible. This is why the emission attributed to Oi (in the red 
and near-infrared regions) was not observed here [28, 29]. To get an estimation of the Уул 
defects level, we conducted PAS analysis for samples annealed at «600 °C [35]. Figure 
5(a) plots the Doppler broadening parameter (S) versus the energy of incident positrons, 
for the as-grown ZnO film, and films annealed at 300 °С and 600 °С, for comparison. It 
should be noted that the spectra at energy below 2.68 keV give information of the ZnO 
films, above which show information of the quartz substrate. The spectra show that there 


is not much difference in the S value of three samples at energies < 2.68 keV, indicating 
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that there is not much difference in the amount of Vzn defects in the ZnO films [9, 35]. 
These suggest that the emissions centered at ~ 525 nm and ~ 580 nm of the PL spectra 
observed here are probably caused by Vo defects introduced in ZnO films by annealing in 
argon, rather than О, Zni or Уул which are negligible in these samples. Therefore, the Vo 
defects should be also responsible for the ferromagnetism of the ZnO films. 

Vo has three different charge states in ZnO lattice, denoted respectively as Е? (doubly 
occupied), F* (singly occupied) and F** (unoccupied) [36]. The emission at ~ 580 nm in 
the PL spectra is due to the presence of the Е?" vacancy [27]. However, the F° and Е” 
vacancies have spin-zero ground states [37, 38], thus they do not induce ferromagnetism 
of ZnO. The presence of F* vacancy in ZnO induces emissions in a range of 510 nm to 
535 nm (i.e. centered at ~ 525 nm) [21, 26]. Thus the emission peak at ~ 525 nm in the 
PL spectra shown by figure 4(c) is due to the presence of Ше Е“ vacancy. It is known that 
the F* vacancy is paramagnetic and can activate bound magnetic polarons (BMPs) in 
DMS [37]. Direct exchange among these BMPs leads to the formation of ferromagnetic 
domains. As a consequence, it is the singly occupied oxygen vacancy (i.e. the F* vacancy) 
induced the ferromagnetism of Ше ZnO films annealed in argon. Figure 5(b) plots the Ms 
of these ZnO films versus the intensity of the ~ 525 nm emission. One sees that the M; is 
positively related to the PL intensity and that, at annealing temperatures > 300 °С the Ms 
is linearly related to the PL intensity. This confirms indirectly that the ferromagnetism is 
caused by the F* vacancy and suggests that, one may increase the M; by introducing more 


F* vacancy in ZnO films. 


In conclusion, ferromagnetism in un-doped ZnO thin films was achieved by thermal 
annealing these films in flowing argon, with a maximum saturated magnetization of 0.44 
emu/g observed in the sample annealed at 600 °C. The PL measurement and PAS analysis 
suggested that this ferromagnetism was induced by the singly occupied oxygen vacancy 
(i.e. the Е" vacancy), and a positive relationship to the amount of F* vacancy. This study 
clarified the origin of the ferromagnetism of un-doped ZnO and provides a way to further 


enhance its ferromagnetic property. 
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Figure captions: 
FIG. 1 XRD patterns of as-grown and annealed ZnO thin films depostied on quartz 


substrate. 


FIG. 2 (a) and (f) show the HRTEM image of the interface of the 600 °C and 750 °C 
annealed ZnO films. (b) and (g) reveal the dark-field image of the ZnO films annealed at 
600 °C and 750 °C, respectively. (c, h), (d, i) and (e, j) show the EDS mapping analysis 


of Si, O and Zn elements. 


FIG. 3 (a) M-H loops of as-grown and annealed ZnO films taken at 300 K. (b) Room 


temperature M; vs the corresponding annealing temperature. 


FIG. 4 (a) The PL spectra of the ZnO films on quartz substrate annealed at 600 ?C and 
below. (b) The enlarged DL emission of annealed ZnO thin films (c) The DL emission of 
ZnO film annealed at 600 °С. (d) The intensity of the two emissions vs the annealing 


temperature. 


FIG. 5 (a) The spectra of S parameter versus incident positron energy. (b) The room 


temperature M; vs the intensity of 525 nm emission. 
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